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Fig. 7 - Comparison of the relative-humidity calculations obtained from
the dry-blub and wet-buld temperature measurements of flight 51 (points)
and the model estimates of relative humidity based only on shipboard
observations (line)
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Fig. 9 - Comparison of the model estimates of a relative-humidity pro-
file which predicted a dry upper air layer from surface measurements
made at the time of flight 42 (line) and the kite-balloon measurements of
relative humidity based on dry-bulb and wet-bulb temperatures (points)

Not all predictions are this reassuring however. Figure 10 is a plot of air-temperature
measurement from flight 21 near the Gulf Stream. The air-temperature measurements
(although the most basic and simplest of the measurements to make) seem to give absurd
data. The problem results from the time required for the measurement, that is for the kite
balloon to climb to altitude and then to be reeled back to deck height. Because the before
and after calibration measurements of these data are accurate, the conclusion is that the
atmosphere is changing rapidly. Thus during the 50 minutes required by the kite-balloon
system to climb to maximum altitude and then to be reeled to the surface the assumption
of a stationary atmosphere does not hold, Consequently a static model cannot duplicate
these rapid changes in air-mass characteristics. It may well be that the model prediction is
closer to a snapshot of the profile at one instant of time while the profile is changing from
one form to the other than can be obtained from a measuring system which is slow relative
to the time response of the nonstationary atmosphere.

The model predictions and the in-situ data taken over all of the flights of the 1977
EOMET cruise at the positions shown in figure 5 were compared as follows to allow the user
some idea of the error bars on the model estimates. A calculation was made of the RMS
error of the model predictions at 100 altitudes equally spaced below the maximum altitude
obtained on the flight relative to the least-square third-order polynomial fits to the measure-
ment data at the same 100 altitudes. This analysis shows that the worst-case air-temperature
RMS error by the model was 3.7'C (for flight 3) but that the average RMS error for all
flights was 0.70C. A similar analysis shows that the model had an overall average RMS error
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Fig. 10 - Example of an air-temperature profile (points) (obtained in a rapidly
changing air mass from a sounding system that takes about 50 minutes to make a
complete ascent and descent) that cannot be used to represent a stationary pro-
file against which to test a static model (line). The data in this plot were ob-
tained from flight 21.

in the relative-humidity estimates of about 20%. These errors however include not only
inaccuracies of the model but all types of errors which might exist in this experiment such
as nonstationarity of the air mass.

The model test was also analyzed to see if the errors of the model depended on altitude.
One would expect that, since the model is based on measurements at the surface, the model
accuracy would decrease with altitude, so that the RLMS errors between data points and
model predictions would increase with altitude.

Table I shows the RMS differences between data points at the various measurement
altitudes and the model predictions of the data at the same altitudes. These differences
are averaged over all of the flights in 100-meter altitude bands. The RMS errors indeed tend
to increase with altitude.
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Table 1 - Altitude Dependence of the RMS Errors of the Model

Number of RMS ErrorAltitude ObevtosArRlie
Interval iber atio Air Relative Absolute

(m) in Antieuve Temperature Humidity Humidity
Interval (C C) g/m )

0-100 480 1.01 9.54 1.06
100-200 296 1.21 9.71 0.94
200-300 365 1.24 9.86 1.06
300-400 341 1.34 11.93 1.40
400-500 155 2.77 20.47 2.15
over 500 81 1.65 16.36 1.68

17



GATHMAN

REFERENCES

1. H.U. Roll, Physics of the Marine Atmosphere, Academic Press, New York, 1965.

2. K. Brocks, Report of the Ber. Deut. Wetterdienstes 22, 10-15 (1956).

3. J.S. Malkus, papers in Physical Oceanog. Meteorol. 13, No. 2 (1958).

4. S.G. Gathman and RWE. Larson, editors, "Marine Fog Cruise, USNS HAYES 29 July-25
August 1975" MTS A.D.A. 039-776, 1976.

5 Manual for Synoptic Code (WBAN), 2nd edition, U.S. Government Printing Office,
Washington, D.C., 1965.

6. S.G. Gathman, "Real-Time Meteorological Profiles Using the NRL Marine Boundary
Layer Sonde," NRL Report 8271t October, 1978,

7. J.M. Richards, "Simple expression for the saturation vapor pressure of water in the
range -50' to 140o," Brit. J. Appl. Phys. 4, L15-LiS (1971).

8. T.M.L. Wigley, Comment on "A Simple but Accurate Formula For the Saturation
Vapor Pressure Over Liquid Water," J. Applied Meteorology 13, 608 (1974).

9. H. Charnock, "Wind Stress on a water surface," Quarterly J. Roy. Meteorol. Soc. 81,
639-640 (1955).

10. R.J. List, Smithsonian Meteorological Tables, 6th revised edition, Smithsonian Institu-
tion Press, Washington, D.C., 1968.

18

am



APPENDIX

PROGRAM LISTING
FUNCTION RiLdUfZ,tj,15d12.TAlbVA&LD)

C 1.IbaENIIFICATlON NAM8: k4LdUa
C 2.TLTLE: *ETEOROLOGICAL PROFILE 451'iIfATtS FROM SHIP OBS.
C 3.AUTHCi: STUART G. GATHtMAN
C 4.0GAIIZATION: NRL
C 5.DATE: JULY 1977
C 6.ROUTINSS CALLEW:AUORT,AtTPAn.,VA2PW,C1O,ZZERU,UaQSTAR,
C TAZ,1dSTR,EdLbT,ZCOt,StlIxa,kLd,Yetin,V2?,TAsS,TCENT,LIMIT

DIiENSiON ISkHIP(t2ZIFOGlI4),IDii .(17) ,ICLt(6)
IPw=-LSHIP (1)
ILCL=ISHMl (2)
IASL=lSHIP (3)
IAT=ISHIP (4)
ICLhT=ISHIP(5)
IDPT=ISHIP (6)
lSSI=ISNIP (7)
IWS=ISHIP(8)
IYVJS=LSkIIP (9)
I1WS=ISHiP(10)
IIVIS=ISH1P (11)
ICA=IS HIP (1J)
DATAtIkOGll),.L1,14)/10,11,1.d,28,40,41,42,43,44,45,

1 46,47, '., 49/
DATA (IDR1Z(I) ,LL= 1O5)/14,15;1a,2,24,5O51,S2,5,54/
DATA(IDRIZ(I),I=11,17)/55,bb,57,ia,S9,60,6I/
DATA(ICLSlI) ,L=1,6)/0,1,2,J,4,5/

C
C
C CHECK £OR INDICATIONS O FOG AND Lf fOUND GO TO 100
C

.LF{IVLS.LE.94) GO TO 100
IF(IIVIS.EQ.1) GO TO 100
DO 20 J=1,14

20 Id(IPW.EW.IFOG(J)J GO TO 100
C
C
C CHECK FCR INDICATIONS OF DRIYh.LiL AND irF
C FOUND GO TO STATEMENT NUMBER 300
C

DO 30 J=1,14
30 Ifei2N.EQ.IDHIZ(J)) GO TO 300

C
C
C CHECK FUR CLEAR iRATHEl(IE NO IliLiLATi.O OF PREC.) AND
C IF FOUND GO TO STATEMLNT NUMflh4, 00
C

DO 40 J=1,6
40 IF(IP.EQ.IcLih(J)) GO TO 600

C

C IF Thz PROG4RAM GSTS TO THIS iUAibT We hUST AbORT.
C

50 CALL ABhRT(Z-, I',IL)PTIAT,,ad)
TAL JIUt=T liT
TIEf=TLJdNT (IAT)

19
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VAPLD=2. 165*RSLHUM*VAPPH lCAl-J. /(iAkhT+273. 15)
CALL LIMITSjdJVAP.LDTAIaLw
RiETURb

C
C
C TIIS PART 01 TuE PROGRAM IS FUR Tla±S OF FOG INDICATIUNS.

100 aBLhu=ioo.
TAIB=TCENT (IAT)
VAPLD-216.5*VAPMPM(TAIS)/(TlAIla7l. 1z4

110 I=10
If1Z.GT.400.) LQ=b
IFlZ.GT. 1000.4 £v=2
RETURN

C
C
C THIS PART OF TdE PdQOGbtl8 L5 ZOR NON PRiUCIPITATIoN TIMES.

600 IF(ILCL.EQ.6J GO TO 700
IF (±LCL. EQ. 4J GO TO 700
1E LILCL. Eg.7) GO TO 700
If (iASD. LT. 0G GO TO 800
.l1(ASD. Eg. 0) GO TO 900

C
C.
C THE SIAbLFlI ATMOSPiIERE
C

777 CONTINUE
IF(Z.LT.20.j GO T0 1000
GO T0 1100

C THIS PAET OF ThE PROWRAM IS FOR U&STAbLE CASES.
C DETERMINE THE DEPTH OF THE SUii&hAhiAuATZC LAYER.
C

BO IQ=1}0
DlIk=ABSjFLOAT(IASD)/10.)
IFjCIP.GT.0.5) GO TO 850
ZSA=10.*Dl!
GO 10 870

850 ZSA=11.'2t9.69*ALOG(DIF)
C
C
C NEXT DETERMINE IF Z IS ABOVE O& aELOW TiLE TOP OF Tfi,
C SUPZisADIA&ATIC LAfER.
C

870 IF(Z.Lk4ZSA) GO TO 2000

C FOR ZSA < Z < Lb, THETA AND v Aiz CLUKiTA&T RT ALtTITUDE
C AND EZUAL 10 THE VALUES DETEAMI&ID AT =ZSA.

C
1500 TtiSA=Tbh(L1WS~ilOS,t 1 ,1SSV,IAT1 ESAJ

C
C FIND THE LI'TING CONDENSATION LEWEA. k'iOd VALUES OF THETA
C AND k DEiTEtfINSD AT TH 0' UB OF TtE SU2ERADIABATIC LAYER.

20
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C
4C=ZCZ;OLi (TtSA,QS AZSA)

C
C
C DETERMINE ThE CLOUD AMOUNT Tu Szx, 1* TtiLRE IS A
C TRANSITION Z 0Ni EXISTING.
C

1810 CONIINUE
E (IlCA.LT.2) GO TO 1600

ZH=ZC
IFl(Z.GE..ZH) GO TO 1700

18CO E=VE(QSAZ)
TAlE=TEiP(THISA,4)-273. 15
ESAT=WAPPR (TAIE)
VAPLD=21 6.5*E/(TALR+273. 1l
RBLMUM=100. *E/ESAT
CALl LILMITS(*ELdUX,VAWLDTAIR,iL)
NET URN

C

C THLE IN CLOUD CASE
C

1700 RELRUM=100.
TAl=TEMPITHSA,Z)-273.15
VAPLD=21I6.5*VAPPJH(TAIR)/jTAIifr2lJ. 15j
IFZ.L¶.2000.) RETUdN
T2000=TLMP(THsA,2000) - Z7J.15
U20QQ=tSn IX (zT20 00)
U=W2000*4E6b/**2
ESAT=VAPi'R (TAIl)
E=VEkQ,Z)
RELiUtl=1 00*V/ESAT
VAPLD=dl 6. 5*EITEMP (THSA,zJ
RETURN

C
C
C THIS FART OF Tl:E PtKUGHAt IS tol: A CLOUDLESS CLOUDLAYER.
C

1600 Zfl=C.8*zC
IF(Z.GI.ZC) Go TU liJOO
1l(Z.LT.Z1d) GO TO 1800
DEL2=ZC-Zn
l¾G1=TXHF (TUSA,;ud)
T6=Yii-0 .006* (L-Zi
y Z =QS A
TZ'=T1H-0. 006*DZ&LZ
QYC=0. 786*SnIXh tZC,TZC- 273. 1 5J
THUSA=TU(TZ,Z)
USA-Q.H8 (¼lC-uZ i) * {L-Z H) /i)RLz
GO TO 1U00

c
C

C THIS IS THETA AND k CALCULA'ti) FU~ ei SUPER A LAYER
C

2000 X=IThZ(liP S,IiZ SuyiSsT,IAT, 
RQ=Z ~ilS,lw5gIQ,ISSI¶.IDyT0 gZ,±Ax
TC=IEI1P {x,z 2-273.1 5

21
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VTxST=Vp (*,Z)
VAPIlST=VAFPf (IC)
REL HU= 1o00. *YTSST/VAPTST
TALR=TC
VAPID=;16. 5*YTBST/ TAlit. 15)
£O=ZZZERO (lISIiS 9 10)
FL=kSLhT(lWS,liiSISSTIAT, 1U)
FCli=*ZtZ0)/FL
l£ (kL.LE.0.03) GU TO 2010

2010 CONTINUE
CALL LIMITS(SRLdUU ,VAPLD,TAi.,luj
RET URN

C
C
C STAitLE ATMOSPHI~iE, *1> SHIP MaST n±iiWiT.
C
1100 IQJy

CLkbAS=FLOAT jLCliT)
LTUi=CL$AS500
If (Z.GE.CTOP; GU TO 1105
IE( Z.G&. CLNAS) GO TO 1104
THS=TH (TAbS (tAT) 20.)+ (Z-Z0.j*'./(CLBAS-20.)
QSt5BXlR (20. T CENT (ILPET)
GO 10 1110

1104 TbS=TH (TAiS (LAT) e20.) 4l2. + td4-cLASjS *.006
QS=SB1Xil (20. ,TCENT (IUPT))
GO TO 1110

1105 TdtS=THk(TAbSUlAT ,204.5T.O000l*u,-cTOP)
u5=SNIXk (20. TsTENT (IDPTf j*CI02*l'Uk/Z**2

1110 CONIlNUE
E= V (QS,(s
TAIfB=TltP (THSZ) -273.15
ESAI=VAPit (TA.1)
VAPLO=21 o. 5*i/TERP (THSkZJ
8EELhUE=100. *E/ZS5AT
1I' fEtLIUM.L4.100.1 RETURS
a EL 08=11 00.
VAP1D=216. 5*SSAT/TENP(1fl3S,h)
RETURN

C
c
C STAdLi ATfOSPhkBR,Z< SHIP M1A.Tii d~i-4l.
C

1000 THSE=THi(TAiSS(lAT),20.)
Thi=Tdh(TbS(LSST),0.)
QSPS=IX B o20., TCflT (-IDQT))
4 WT=. 96* SIXI X(1. ,TCkhNT (lSSX)j
THSA=THW+Z* (TH5P-THWf)/20.
QSA=QkiI+4* (sisP-VWT)/20
I Q= 10
GO 10 Th00

L
C
C M*U¶RAL ATMUSPtERL CASE
C

900 Ij=1O

22
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1E (2./i. 20.) GO TO 975
TfSA=1.ii(TAbS(ISSI ,0.)
Q5A=ShIXS 120., TCENT (1DPTj)

950 ZC-121*tTCzNI(IAT)-TCENT(1O2Wi )
IF(Z.LE.ZC) GU To tdOO
GU IO 1610

975 TAII:=FLOAT (ISSTj /10.
jSiA=O.98*SflIX (0.,LCkUT LI(SSij3
QfAST=SlIX (20. ,TCLNT (IDPX) )
s= RflAST-%SEA) *h/20. +QSEA
EVE r(,Z)
ESAI=VA2PR (lAIR)
MELbUh=100. *E/nSAT
VAP.LU210. 5*4/ (TALR+273. 1q
iai URN

C
C
C THIS PART OF ThS PROGRAM TR2ATS LIGhT NON FREEZING PREC.
C OR DRIZZLL. RELATIVE HUMIDITY ii ASSUIED LVERYXHIRE TO bE
C THAT Of Ti SHIP.

300 H.LbUf-lsOO.*VAPPRtTCENT(.LiJWIJ)/VAPx'it(TCENT(IAT))
GC TO 110

C THIS IS AN APPiO*It1ATLUN FOR THE LLUUJLIkSS "CLOUD LAYSER"
C AFTZR MALKUS (195d)
C

1900 S aaLunj=7S.
1~L=7
TA1I=TBtP(TNSA,ZJ-27J. 15
VAPLD= 16 8. 9*VAPPk [(TAXI)/ (TAL+214. 1i)
itET URN

C
C THIS PAnT OF THE PROGSAM IS tOfi T&12 SIRATUS CLOUD CASE
C

700 CONTINUE
.LF(Z.LT.20.) GUO TO 1000
CLjiAS-FLOAT (CLlUT)
CTOI=cL5AS+500
If(Z.GE.CTOP) GO TO 705
1Ft2.GE.CLSAS) GU TO 704
TziS=TH(TAbS(IAT) ,40.)+(Z-20.)*v./ (&.LDAS-20.)
PtsIh(IABS (IAT) ,/O.) +2
ILC1Eti'(L2CCLnAS)-273. 15
ww= SlIAh (20. ,T'. NT (I OP T))
k.L=ECBXR 4LLiSAS ,TL)
0=i~ 0+ 20) * QC-Qi) / [Cj.dAS-2.Z .

GO TO '11 10
704 TdS=Th( TAIS (.LAT),20 2 +4.OOo$ b*-CLAS)

vS=!ltXR( Z,TEb2(TdS,2? -LUJ. 1t)
60 To 1110

705 ThS=Tuti AbS (iAX) 20.) + 5.+. UO00G1* (h-LTOP)
,S=SnIXh (&ITU, TEMe ITHS ,Cukuj-27i. 15)j *cIO2*cTOup/~ **2

GU T0 1110
END

Note: The Malkus citation on this page is Ref. 3 in the list at the end of the main text.
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C**#3 *4t**** ***'q****** s * ** *tS****'***4** *w*4c**p* ** +***** ** ****** **

C SUBROUTINES Ahb FUNCTIUNS F0a Ua Sith iLaLHdN FUNCTION.
C

SbkObU<1tS A~3O'i' 1i8[,L0,t'tTiATJi~aj
C
C THIS SUbROUTINE SIMPLF TiANSaJL6 IdL SHiPSOARD MEASUREMENTS
C TO CTHER ALTITUDES AND DELitASiLS t AS TUL PREDLCTIO&S
C BELACdE LE~S ACCURATE.
C

DEWEiT=WLOAT tIDFX }/10.
rEtP=FLOAT (tA:) / 10.
fiB=100.*VAPIPRDEWPTJ/YAPwui(T&lPj
10=9
1k (l.GT. 100.) IQ=6
1E (Z.tiT. 500.)tL=3
IF(Z.GI. 1000.) 1Q=0
RETURN
END

C
C

IFUNLT1ON ALT(P)
C
C THIS FUNCTION CUdPUTES ALTXTUIC. Lb OIETERS FROM PRESSURE
C IN tILL1bARS. THIS FORMULA IS A fII TO ThE &.A.C.A.
C STANDAiD LOWER ATUSPFULRL DATA: SivlTiSOkIIAN HET.TAkiLES 163
C LIST (19b8).

lIr(-.LE. 1013)GO TO 10
ALT=O
NET URN

10 I IE.LE. 958.) G. TO 20
ALT=9. 09* 10 13.-P)
R ET URN

20 ALT=750*ALOG( 1021.38-'?)
RETURN

C

EUNCTIUN PALT( S)
C
C THIS IS TEL IhVEBSz OF FUaTtOSI ALT(P) WhERE ALTiTUDIZ
C iS Ih hLTLRS AND PALT IS mnL ktShULu 1N EtLLLIDA&5 AT Z.
C

LF(Z.LT.500.) GO TU 10
PALI=lS 1021 3b*Ee 1-1. 27 ThL4*Ej

41 uIhN
10 PALI=-013.-55. * /5 00.

hET URN
E NO

FUNLTION VAPW R(T)

C T1iS IS AN AviOIfdlhTION lO lntl Gue-OFGRATtIi TEMPERATURE,
C SA1UaATkD VAPOR PRESSUiR OUVt. LIAIULO iATER FORMULA.

The Smithsonian tables cited are Ref. 10, and the List citation is Ref. 10.
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C II WAS DESCRIBLD dY EIChARjJS (1971) AND SIGLSY (1914).
C IN hIS MUNCIIOM T IS IN Din. L AAD VAPPR IN MB.
C

T4= 1.0-373./ (1£+274.)
R 1l1S. jI1SBS
a= 1.97t
13=0. 644b
b4=0. 1299
kO= 101 . 25
VA&9EP=tO*EXP(Rl*i 4-R2*T4**>-a 3*LI4**a-R4*T4**4)
RETURN
LND

C

FUNCTION C1O(IWS,1IWS,IWI
C
C THIS FUNCTION CALCULATES IhE obaG COUEFICIENT. IF WIND
C SPEiD AT 10 METtRS IS NEASUkzs, DEACONS SUGGESTED LURt
C IS USED: ROLL (1965), P.101. Ik SO WIND 15 MEASURED A
C CUNSTAhT VALUE IS USED.
C

IEFl1WS. Nh.-1) Gu TO 10
-I W - IQ 1
C 10=2E-3
lilT UkN

1 0 C 1 0 = 1. 1 £-3 + 0 .0 4 E-3 *F LO AT (i Wi Sj
RiTURN
BND

C
C

FUNCTION ZZtRO(1±S,IWS,iLj
C
C TUIS FUNCTION CALCULATES TdE UYMAA1C RUUGHNESS, ZZEEO
C IN HETERS AS A FUINCTION O' WiNL SPzr.D FOLLOWING CHARNOCK
C (1955) ANU EXPRLSSbS F.ICTIUN Vt"jULL'TY IN TERMS OF THe
C DRAG COEFFICIENT AND NEASInLD WiND SPLED.
C

IF(IWIS.NE.-1)G0 TO 10
I Y= 1IV2
SZMiO= 1. E-5
RETUJRN

10 ZZERO=CI 0 (INS, IIWS ,I'.j) *3. JJz.-4*M'LoAi (I WS) **2
hETURN
END

C
C

FUNCTION (I±WSiWSl@,1S 5 lbu ,kLAT)
C
C THIS FUNCTION %ALCULATRS i'li cIXlin RATIO AT ALT. Z IN AN
C AINCSRBER WfHlCh OBEYS A bOG - uLNLAI RELATIONSHIP:
C ECLI (1965), P. 237.
C

TO=ELOAT (ISST) /10
0 = 0.9b*SM 1Xf&(0,T0)

wSR=gSTAR (IDPT,Z,liWS,IWs,t8ssT,±uj
zO=ZzRO (±iWS,.iSS, 1%)
P= (Z+z0) /Z0

The Richards, Wigley, Roll, and Charnok citations are Refs. 7, 8, 1, and 9 respectively;
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20. Abstract (Continued)

meteorological parameters are compared with simultaneously obtained in-situ measurements for
56 flights. In some cases agreement is good, but when the profiles change during the 50 minutes
required for a kite-balloon measurement, comparison with the static model becomes invalid.
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FL=iaLNT jIN,±ifS, ISSTIAT, .A .
wY=kO+wSi* (ALOLi (KJ +4.8s*z/L)
RETURN
END

C
C

YUNCTION THdji±NS,±WS,LIQ,iSST,iAi,4)
C
C ThIS EUNCTION CALCULATES £dL PUittaTiAL TEZIPERATURE AT
C ALTITUDL 2 IN AN ATNUS.24do calfn UuEYS A LUG - LINEAR
C RELATIONSHiP: ROLIL (I9614 ,P.247.

TQ=,7J. 15+.LoAT (I5STj/10.
TfIO=TH (TO,O.)
2O=ZzEaQ JIIWSlWS, S.nI
1= iZ+Z7) /zO
FLP=LWIT JIISIIWS, ISST,IAT,Ibj
TSTAR=TfUSTR (IAT, 4, iiWS ,lS, iiSS,t 4u
THZ=ThO+TSTAR* (ALG(XJ +4.b*Z/Faj
JiLTURNi
END

C
C

EUNCTIUN iSTAi L1OPTZlIcSIwS,±SSCi2j
C
C THIS IS THE "YRICG MIAlIG tALidT M USED IN QZ AND
C CALLUWATRD USING TilE APPAUXItMATiUSN OF THE BULK AERODYNAMIC
C NETTOD: ROLL (1965J, P.na ,272.
C

uA=S5X1l (10. ,0TCEAt jDet9T
j0=.tt8*SsIXh (0. ,TCE4T (iSiS 

LA=L10 (IWS,IIVS, I)
FK=Q.3d
wSi AR=SRIs (CA * (u)-uO ) /EA
RET URN
END

C
C

FUNCTiON TNSTN (I AT ZlisIS,1b52.,iU)
C
C THi1S is TnT "kRICTIOb PUTLYT.AL lITPERATURE 1 USED IN THE
C CALCULATION O' Td4 USING £tL AideUXIMATION OF THE
C bUD.K ALRODYNA&LC METhOD: kUia llb$}) P.252,272.
C

TA=73. 15+fLOAT (IAT)J 10.
T0=27J. 15*ELOAT 1ISST)/10.
LA=C10 (iWS,1IWiSQ)
F1 hiAO. 4
Thb2IkSIWLT (LA) t'TH (TA, 10..-Th(T0,Qy)s/FK
RETURN
END

C
C

FUNCTIUN flLNi't±WS,1ISS.SSEIAT,ie

L l TllS IS AN APkaOXilATtOW FO T&h Mi)XING LENGtH USING
C Rtac4. jlsbS), P. 144,252.

The Roll citation is Ref. 1.
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IF LIlWS. NE.-1) GO TO 10
FMLNT=-100
I ~flQ C-2
JR El: U RN

10 TO=273.+*ELOAT(ISST)/10.
TA=2i73.*FLOAT(IAT) /10.
CA=C1O (ISS,11WSIJ)
Y=TO*SURT (CA) *0. 2646*ELOAI(IiSJ**2
Y=9.8*.3d*(ITH iTO ,0.)-Td (TA, 10.Jj
FNLNT=-1 .X/Y
IETUhRN
END

C
C

FUNCTIUN ZCON(TASAaSA,ZSA)
C
C iaiS FUNCTION CALCULATES itUE LlUTING CONDENSATIUN LEVEL
C WHItE IASA IS THE POTZNTIAL TEMPsiATUaE IN K£LVIN AT ALT
C ZSA AND hSA IS THE LIXINu nAI.U AT THIS LEVEL IN G/KG.
C ThIS FORMULATION IS AN EM2dICAL FIT' TO DATA IN THE
C SMITUSONIAN &diT. TABLES P.326.
C

TSA=TSMP (TASA, ZSA)
ESA=VP Q SA,ZSA)
FK=1./.286
X=EXP LFK*ALOG (TS A')
TC=734.02-150.41*(ALOG10(x)-ALuG10(LSA))
TCL=I+7. 21* (ALOG 10 (X)-ALO0i10 (iSA)) **2
TC=IC+ 273. 15
PZ1=OOO*EXP(-FK*ALOG (TASA/Tu;))
ZCON=ALT (PZ)
RETURN
END

C
C

FUNCTION SlAXR[ (Y,T)
C
C CALCULATES THE SATURAT10N Li±iNG A'I1O IN G/KG AT HEIGHT Z
C AND TEMPERATURE T (C).
C

SZUXB=O..62Ž*VAPP R(T)/(PALT(Z)-VAPPHl(T))
RETURN
END

C
C

FUNCTION TH( T,Z)
C
C CONVERTS TEMPERATURE (K) i' POTEhTiAL TEMPERATURE (K) AT
C ALTITUDI Z.
C

TH='I*LXP (0.28d*ALOG (1000./PAjLT (Z) 3
TH=1H
RhTURN
iLD

C
C

FUNCLION TEtP(TE,Z)

The Smithsonian tables cited on this page are Ref. 10.
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C
C CONVERTS POTSNTIAi TENPEaAIURA& (1iJ AT ALTITUDE 2 (N) TO
C TELFElMATURE (K)

TEflE=TJR (RXP 50.2$6*ALOG(1000./MAST jzJ8)}
RETURN
END

C

FUNCTION VP (,Z)
C
C CONVERTS SIXING RATIO (G/KGj AT AATITUDE Z (11 TO
C VAPCR PRESSURE (MB3).
C

VP=EA±T (Z) *ZR/(.622*R)
RETURN
END

C
C

FUCTbIUN TAbS(I)
C
C CONVERTS AN INPUT TEPERATUdiL INTEGER To TEMPERATURE (K).
C

TABS=273. 15*FLOAT (1)/t1.
RETURN
END

C

FUNCTION TCLNT (I)
C
C CONVERTS AN INPUT TESPBRATUMc 1NTi'GLR TO TENPERATURE (C).
C

TCLNT=nLOAT (1) /10.
RETURN
END

C

SUBiOUTIlN LlMITS(RUV,Twlg)
IF(IH.LL.6S.) GU TO 10
IF(EH.LE.100.j iETURN
RH= ¶00.
Go 10 20

10 ak=t5.
20 Ii(=IQ-4

V=2.165*St{*VAePk (T)/(T*273. 15)
iET URN
ELND
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MODEL FOR ESTIMATING METEOROLOGICAL PROFILES

FROM SHIPBOARD OBSERVATIONS

INTRODUCTION

Large quantities of shipboard meteorological observations made throughout the world
ocean over an impressive length of time are limited in nature and accuracy. But they provide
a marine climatological data base which would be too expensive to duplicate to obtain other
types of meteorological data subsequently needed but not specifically included in the data
base. One example of subsequent need is the statistical characterization of detailed humidity
and temperature profiles within the lowest 2 kilometers above the ocean surface. The rela-
tively small group of radiosonde data taken by various weather ships and researchers is un-
fortunately sparse in both a geographical and a statistical sense. There exists therefore a
need to invent a model which will provide an estimated profile of humidity and temperature
when given the standard set of shipboard observables. Profiles obtained with such a model
will be inferior to those observed directly by the use of radiosondes and are not intended to
replace them, only to supplement them in areas where sufficient profile measurements do
not exist.

The chief advantage is that profiles can be generated where no profiles have been mea-
sured and the results can be believed to within a certain degree of accuracy. One area of
interest in which such a model could be useful is the transmission of optical energy over
various nonhorizontal paths. Along these paths humidity estimates are valuable both for its
effect on molecular absorption of optical energy and in its effect on the growth of aerosols.

This report describes such a model and a method and data to test this model. The test
method can also be used on future models to ascertain their usefulness.

THE EMPIRICAL MODEL

The model divides the standard shipboard weather observations into essentially four
cases:

* fog,

* light precipitation,

* heavy precipitation, and

* no precipitation.

Manuscript submitted August 31, 1978.
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Characterization by the model of all but the last of these items is trivial in that present
values on the ship are estimated to exist at higher altitudes. In the last case, however, more
elaborate predictive methods are used.

An integer is delivered to the main calling program which gives a rough estimate of the
quality of the particular value being calculated. When many assumptions are made, the qual-
ity integer (IQ) becomes low or even negative. Values of 10 are considered reasonable
estimates.

The stability of the marine boundary layer is an important input to the model. The
measure of this parameter that is available to the model is the air/sea temperature difference.

In the no-precipitation case the following distinct classes of profiles are modeled:

* Unstable atmosphere with cloud cover greater than 25%,

* Unstable atmosphere with cloud cover less than 25%,

* Neutral atmosphere with cloud cover greater than 25%,

* Neutral atmosphere with cloud cover less than 25%,

* Stable atmosphere with a stratus deck, and

* Stable atmosphere with no stratus deck.

The particular class of model chosen depends on the sign of the air/sea temperature differ-
ence, which determines the stability, and the level and/or type of cloud cover reported. The
specific characterization of each of the profiles from any of these classes depends also on
the specific values of the other shipboard observables.

In the modeling, potential temperature and mixing ratio are chosen as the particular
meteorological pair of variables to describe the vertical thermal and vapor-loading character-
istics of the atmosphere because of their insensitivity to adiabatic processes. One limiting
feature of this model is that it is designed to describe only the layer of the ocean atmosphere
at or below 2 kilometers; thus attempts to use the model outside of this limitation may result
in severe errors.

The output of the model is relative humidity, absolute humidity, and air temperature
(all quantities which are used directly in propagation calculations). In making these estimates,
many conversions are required between various meteorological variables. Thus a number of
conversion functions and subroutines are required by the model to convert easily from one
set of parameters to another. These subroutines and functions (shown in the listing of the
program in the Appendix) use for the most part standard meteorological relationships.

Unstable Atmosphere With Cloud Cover Less Than 25%

In modeling the class of profiles identified as unstable atmosphere with cloud cover less
than 25% four levels are considered. Starting from the layer closest to the sea, they are

2
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Since the area is clear (total cloud amount is less than 25%), then a transition lay
considered to start at an altitude of about 80%o of the lifting condensation level. The ti
tion layer starts at the top of the homogeneous layer. In the homogeneous layer both
potential temperature and the mixing ratio at all altitudes remain constant at the valuE
obtained for the top of the superadiabatic layer.

According to measurements by Malkus [3], the relative humidity in the subsiden
cloudy cloud layer is 78%. Therefore in the transition layer the model slightly increase
the potential temperature linearly and adjusts the mixing ratio so that 78% relative hu
is achieved at the altitude calculated as the lifting condensation level. Throughout the
less cloud layer the model sets the potential temperature to that calculated at the liftii
condensation level and correspondingly decreases the mixing ratio to keep the relative
humidity constant at 78%.

Unstable Atmosphere With Cloud Cover Greater Than 25%

Figure 2 is a diagram of the same unstable atmosphere but with clouds. For altitt
below the transition layer the model is identical to that for the cloudless case. The mo
for the cloud case, however, keeps both the potential temperature and the mixing ratio
stant with respect to altitude throughout the transition zone. Above the lifting conder
level when the relative humidity is 100%, the potential temperature remains constant 1

the mixing ratio is reduced just enough to keep the relative humidity at 100%.

The cloud layer extends from the lifting condensation level to about 2 kilometer:
where the moist marine layer is usually capped by an inversion which divides dry warr
on top from the cool moist air of the marine layer. Above the 2-km level, temperature
creases at the standard lapse rate, and moisture is allowed to decrease rapidly toward t
zero level.

Neutral Atmosphere

The neutral atmosphere, profiled in Fig. 3, is similar to the unstable atmosphere j
both the cloudy and noncloudy conditions except that no superadiabatic layer exists.
temperature of the atmosphere is considered adiabatic from the sea surface up to the 1
condensation level. The potential temperature measured at the ship is used as the pote
temperature throughout the lower atmosphere from the sea surface to the lifting cond
tion level in the cloudy case and up to the bottom of the transition zone in the subsid4
cloudless case.

The mixing ratio is interpolated linearly between values corresponding to relative
humidity of 98% at the sea surface and that measured at the assumed mast height of 1
meters. Above 10 meters and below the lifting condensation level the mixing ratio is so
nnna4-an4f+r& ifkf nioaemlrA nn iho ahn
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* The superadiabatic layer,

* The homogeneous layer,

* The transitional layer, and

* The cloudless cloud layer.

The extent of each of these layers varies according to the individual input parameters. The
unstable model is based on the description of the moist marine layer in the trade-wind zones
sketched by Roil [1].

Figure 1 is a conceptual representation of profiles of the potential temperature 0 and
the water-vapor mixing ratio r for this class of atmosphere. The first layer above the ocean
surface is called the superadiabatic bottom layer. In this layer the potential temperature and
mixing ratio obey a log-linear formulation, with the defining parameters being related to the
shipboard observations. The height of this layer above the sea surface is calculated by an
empirical formula fitted to a series of measurements made by Brocks [2]:

Zsa = 11.92 + 9 .69 ln(I Tair -TIea), 5 <Tair - Tsea,

=air - Tsea', Tair Tsea < f

where Zsa is in meters and Tair and Trsea are the air temperature and sea-surface temperature
in degrees Celsius.

The meteorological parameters of e and r at any altitude Z within the superadiabatic
layer are computed from

O(Z) = 0(O) + 0 [In Z+Z + 4.L

and

r(Z) = r(O) + rS* [In Z ° + 48 ].

In these formulas a(0) and r(O) are the values of potential temperature and mixing ratio
computed from measurements of the temperature of the sea surface. The variables 0a and
r. are computed from

0.38 10(10) - 0(0)]

and

r* = 0.38 [r(10) -r(O)],

3
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Fig. 1 - Profiles of the characteristic potential temperature O and the water-vapor mixing ratio r for the unstable atmosph
less than 25%. Key points on these curves are set by appropriate shipboard observations. (Zcon is the lifting condensat
the sea-surface potential temperature.)
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where

C1 0 = [1.1 + 0.04410)J X 10-3,

with 0(10), r(10), and u(10) being the values of potential temperature, mixing ratio, and
real wind speed obtained at the nominal mast height of 10 meters. Values of ZO are obtained
as follows: If the

real wind speed is measured, then

zo = 383 X 10-4 C10 u(10)2

and if the real wind speed is not measured, then

zo = lo- 5 .

Finally the values of the so-called stability length L are calculated from

L 10 o/Zu(10)2
9.8 X 0.38 [OA -°) = OA(10)]

where the sea-surface temperature To as well as potential temperatures OA (0) and OA (10) are
in absolute temperature units. If values of the wind speed are not measured, L is set at -100
meters. When the relative humidity is to be estimated at an altitude less than Za, then it is
calculated by use of 0 and r from these equations. If Z is greater than Z , the values of
potential temperature 0 and mixing ratio r at Z.,are used to estimate these same quantities
at higher levels.

The height of the lifting condensation level Zcon must next be calculated from measure-
ments available on the ship. The method used in this model is based on the solution of the
equation for adiabatic lifting:

e/T'/0.286 = e I/T1 0 .2 8 6

where T is the temperature calculated at the top of the superadiabatic bottom layer, e is the
vapor pressure calculated at the same point, T. is the temperature at the condensation level,
and es, is the saturation vapor pressure at the temperature of the condensation level. The
potential temperature at the top of the superadiabatic layer is known, because both the
temperature and the altitude are known. Also known is that the potential temperature re-
mains constant with respect to altitude changes for adiabatic processes. Therefore at the
condensation level the pressure PC can be calculated from

0 = T0(1o00/pC) 0 .2 8 6

The model then uses the NACA standard low-level atmosphere to convert from pressure to
altitude.

5
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Stable Atmosphere

The basis for the model estimates of the stable atmosphere is a series of tethered bal-
loon flights made aboard the UJSNS Hayes during the 1975 fog cruise [4]. If a stratus deck
is observed, the model constructs the following atmospheric thermal and water-vapor struc-
ture from four additional shipboard-measurable inputs: the sea surface temperature, the
dew-point temperature and air temperature at 20 meters, and an estimate of the cloud-base
altitude.

The potential-temperature structure is estimated in the following way and as shown in
Fig. 4. The atmosphere is divided into four layers separated by four reference levels: the sea
surface, 20 meters (the height of shipboard measurements), the cloud-base level (an input to
the model), and the cloud top (assumed to be 500 meters above the cloud base). In the
lowest layer a linear interpolation is assumed between the potential temperatures of the sea
surface itself and the air at ship height. In the second layer a linear interpolation is made
between the potential temperature at the 20-meter level to that at the cloud base level,
which is assumed to be that of the ship plus 20C. Over the next 500 meters an increase of
300 of potential temperature is assumed. Finally above the cloud layer the potential tem-
perature is allowed to increase at a small rate.

Similarly the mixing ratio is constructed in a piecewise linear fashion in the same four
levels. In the lowest layer a vapor pressure of 98% of the saturation vapor pressure at the
sea-surface temperature is assumed at the sea surface. The mixing ratio is then linearly inter-
polated between the mixing ratio r1 calculated at the sea surface and the mixing ratio r2calculated at the mast height. When a stratus cloud is known to exist, then saturation is
known to be achieved at the cloud base and therefore the mixing ratios r. and r4 which are
necessary for saturation are assumed both at the cloud top and at the cloud base. Linear
interpolations are then made between these various fixed points. Above the cloud top the
mixing ratio is allowed to drop off at a l/Z2 rate.

The stable-atmosphere no-stratus-cloud profiles are identical to the stable-atmosphere
stratus-cloud profiles except that the mixing-ratio profile is assumed constant from the ship-
mast height to 500 meters above the calculated lifting condensation level.

IMPLEMENTATION OF THE MODEL

The model is in the form of a Fortran function: RELHUM (Z, IQ, ISHIP, TAIR,
VAPLD). The outputs of the model are the relative humidity in percent which becomes the
functional value itself, the air temperature represented by parameter TAIR, and the water-
vapor load of the atmosphere represented by the variable VAPLD. The integer output vari-
able IQ is a quality index which is roughly related to the trustworthiness of a particular
prediction as described above. The model requires only two inputs: the altitude Z (meters) at
which the meteorological values are desired to be known and an integer array ISHIP which
contains 12 integers from the standard shipboard weather reports.

The elements of array ISHIP are defined as follows:

ISHIP (1) is an integer between 0 and 99 (coded in accordance with Ref. 5) which
describes the present weather situation;

9
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ISHIP (2) is a parameter between 0 and 10 which describes the lower cloud types
(ILCL);

ISHIP (3) is a signed integer between -999 and +999 which is 10 times the air/sea
temperature difference;

ISHIP (4) is a signed integer between -999 and +999 which is 10 times the air
temperature (IAT);

ISHIP (5) is a noncoded integer which is the estimated height of the cloud base of
the lowest cloud layer in meters (ICLHT).

ISHIP (6) is a signed integer between -999 and +999 which is 10 times the dew-
point temperature at deck level (IDPT);

ISHIP (7) is a signed integer between -999 and +999 which is 10 times the mea-
sured sea-surface temperature (ISST);

ISHIP (8) is an integer between 0 and 99 which is the wind speed in knots;

ISHIP (9) is a integer between 90 and 99 (coded in accordance with Ref. 5)
which represents the visibility;

ISHIP (10) is an integer which if equal to 0 indicates that wind speed was measured;

ISHIP (11) is an indicator of the horizontal visibility at ship level, with 0 indicating
that visibility was measured and 1 indicating fog;

ISHIP (12) is a integer between 0 and 9 (coded in accordance with Ref. 5) which
indicates the total cloud amount (ICA).

TEST OF THE MODEL

A test of the accuracy of this model within the marine boundary layer has been devised
by comparing the model-produced estimates with measured profiles of temperature and
water vapor. Field data suitable for this test was obtained from the EOMET cruise of the
USNS Hayes during May and June 1977. During this cruise kite-balloon soundings were
made, producing many observations within the marine boundary layer. Comparisons be-
tween the measured parameters of air temperature, relative humidity, and vapor density and
those same parameters calculated from the model which used the appropriate standard ship-
board measurements taken on the ship itself provide a useful test of any model of a
boundary-layer profile.

The locations of the soundings are shown in Fig. 5 superimposed on the ship track,
which covered portions of the North Atlantic and the Mediterranean Sea. Although the
experiment provided over 1700 valid parameter sets obtained with the NRL boundary-layer
sonde [6], the data are limited in duration at any one location and therefore do not form a
climatologically complete set of measurements. It is nevertheless an excellent data base on

11
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Fig. 5 - Cruise plot of the EOMET cruise of the USNS Hayes during May and June 1977. The circles
represent positions during the track where kite-balloon profile measurements of air temperature, relative
humidity, and water-vapor density were made.

which to test the model, because it does provide a wide variety of stability classes. The tem-
perature measurements themselves are produced by dry and wet thermisters supported on
the tether line to the kite balloon and ventilated by the relative wind. A solid-state pressure
altimeter provides altitude information. Data are collected from these three channels and
transmitted to the ship, where they are plotted in real time for the convenience of operators
and digitally recorded.

The sensitivity of the system under real operational conditions allows both wet-bulb
and dry-bulb temperatures to be measured to within an error band of ±0.15"C. The absolute
accuracy of the radiosonde is checked before and after every kite-balloon flight by flying the
measurement package at mast height and comparing these telemetered measurements with
the shipboard measurements at mast height. Thus the calibration standard for the airborne
units is the shipboard Cambridge model lOOSM air and dewpoint temperature instrument.
The altimeter is checked before and after each flight by observations of the pressure at the
mast height, which eliminates the time variations of the atmospheric pressure from the
altimeter. The operational accuracy of the altimeter is t14 meters at the surface but decreases
with altitude. One advantage of the tethered kite balloon is that the same instrument package
is used many times and the calibrations of the devices can be checked before and after each
flight to make sure that changes have not occurred in the launch process or during the flight
itself.

Part of the problem in obtaining an evaluation of the performance of the model is to
include in the evaluation some of the nonhomogeneous characteristics of the atmosphere
that might be present during a particular test. Sometimes at sea continuously recorded
shipboard observations diverge significantly even during the time it takes to make a profile,
which is the time for the kite balloon to climb to its maximum altitude and to return to deck

12
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level. Consequently plots of all shipboard meteorological observations were made 6 hours
prior to a flight and 6 hours after landing of the apparatus to aid in determining the stability
of the shipboard observations. The first part of the test was to prepare from data for the
middle of each flight a list of shipboard observables such as would be entered into any ship
weather report. For every experimental observation of dry-bulb temperature, wet-bulb tem-
perature, and altitude the model also would estimate air temperature, relative humidity, and
vapor density at the same altitude, using as its input the list of shipboard observables. Differ-
ences between measured quantities and the estimated quantities represent information on
the accuracy of the model.

Comparisons between the model predictions and measured data have been made for
all of the flights flown during the 1977 EOMET cruise. In some cases the predicted profiles
of air temperature, relative humidity, and water-vapor density were close to those measured.
Figures 6, 7, and 8 are examples of good correlation. They were obtained from flight 51,
which took place in the Mediterranean Sea on June 4, 1978. Each point in the figures refers
to a sampling of the data transmitted continuously to the shipboard receiver and digitally
recorded every minute throughout the flight. The scatter in the kite-balloon data is partly
due to the instrumental uncertainties in both altitude and temperature.

Figure 9 is a plot of a particularly impressive and suprising prediction of a dry layer
over the Mediterranean Sea which was both measured by the boundary-layer sonde and pre-
dicted by the model. Here both the model estimates and the measurements show that a
sharply defined dry layer exists above 350 meters in altitude.
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Fig. 6 - Comparison of the air-temperature profiles obtained from flight-51
kite-balloon measurements (points) and the model estimates obtained from
shipboard observations at the time of flight 51 (line)
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